The temperature dependence of the optical properties for amorphous silicon is studied at wavelengths of 632.8 and 752 nm. Both the refractive index and extinction coefficient increase linearly with temperature for 752 nm, while the refractive index decreases and the extinction coefficient increases for 632.8 nm. The rate of increase of the extinction coefficient at 632.8 nm is twice as much as that for 752 nm.
The temperature dependence of the optical properties of solids, especially crystalline silicon (c-Si), has been the focus of many studies.`- 3 This interest is partly motivated by the desire for better understanding of the laser-material interaction, such as laser annealing 4 and laser-induced explosive evaporation of liquid films. 5 Numerical simulations of laser annealing fit well to experimental observations, 6 ' 7 but it is often concluded that the temperature dependence of the optical properties of the material must be taken into account in order to achieve better agreement with experiments. 8 9 Amorphous silicon (a-Si), however, is less studied in this aspect. Although a great deal of room-temperature data are available,' 0 only a few reports have been made on the studies of the temperature dependence of its optical constants at the Nd:YAG wavelength (1064 nm), which indicated almost no temperature dependence. 1 1 -' 3 Thus the optical constants for a-Si have been considered as constant with temperature. However, we reported recently that this assumption is not true at the wavelength of 752 nm.' 4 At this wavelength with stronger optical absorption, we observed a significant increase of the optical constants for a-Si with temperature. Based on this observation we developed a new technique for the transient measurements of the temperature profile in thin a-Si films on fused-quartz substrates using the optical transmission probe at 752 nm.'6"1 6 This method has been successfully applied to our studies on the nucleation dynamics of the explosive evaporation of liquid films on a-Si samples irradiated by UV laser pulses and provided useful data. 16, 17 In a previous paper' 4 we pointed out that a larger temperature dependence of the optical constants for a-Si is possible in the stronger absorption regime. Therefore we extend here the investigations to shorter wavelengths, especially to the He-Ne laser wavelength. This is also of practical importance, since the He-Ne laser is the most widely available and the most commonly used laser for optical probing. Here we present the results of our comparative study at the wavelengths of 632.8 and 752 nm. The temperature range of the measurements here is also broader compared with that in our previous research.' 4 As we expected, we observe a significant temperature dependence for n(T) and k(T) for a-Si also at the He-Ne laser wavelength.
The a-Si samples for our experiment are 0.2 /.tm thick and prepared in the same way as previously reported' 4 by e-beam evaporation of c-Si in vacuum onto fused-quartz substrates (250 /um thick). The substrate temperature is kept at 140°C, and the deposition rate is kept at 1 nm/s. The uniformity and accuracy of the film thickness is confirmed by using the Tencor Alpha-Step 200 surface profilometer. The samples are then annealed at a temperature of 380°C in a nitrogen chamber for -5 h. Under these conditions the formation of oxide or nitride is kept at a minimum.' 8 The heat treatment results in stress relaxation of the samples and thus good reproducibility for the optical measurements (reflectance or transmittance versus change of temperature).
We have made use of the standard reflectance (ak) and transmittance (S-) measurements for the determination of n(T) and k(T) for a-Si.' 9 The sample is mounted on an aluminum block that can be heated from room temperature to -500°C by using a heater-thermocouple system. The laser beam is directed at an angle of 50 to the normal of the sample. Both R and 0-signals are detected simultaneously by using photodetectors connected to an oscilloscope. Measurements were made both with increasing temperature from room temperature up to 475 °C and with decreasing temperature from this peak temperature to detect any permanent change in the material properties that are due to the sample's being exposed to high temperatures during the measurement. We observed excellent agreement in both measurement modes, indicating that no changes occurred in the material properties at the highest temperature used. The results for 0 and 9-are shown in Figs. 1 and 2 , respectively. Both the reflectivity and transmissivity change linearly with temperature for the two different wavelengths studied. The change of reflectivity with temperature is in the opposite direction for different wavelengths: it decreases with temperature for 632.8 nm, while it increases for 752 nm. In contrast to this observation for reflec- tivity, transmissivity decreases with temperature for both wavelengths. The rate of change of a and 9-with temperature is significantly different for the two wavelengths. In the temperature range from 20 to 475 0 C the values of & and 9-change only approximately 17% for 632.8 nm, but for 752 nm we observe that the change for Jt and 0-each amounts to 50%. Thus, in comparison with that at 632.8 nm, the probe wavelength of 752 nm is at least two times more sensitive to a temperature change of the a-Si sample.
The measured QR(T) and S(T) values are then converted into n(T) and k(T) by using a computer iteration program that makes use of the Fresnel formula for a multilayer system. Also the thermal expansion of a-Si and fused quartz are taken into account in this fitting program, assuming the linear expansivity to be 3 x 10-6 and 5 x 10-7 C-1 for a-Si and fused quartz, respectively. The obtained results for n(T) and k(T) are shown in Figs. 3 and 4 . The above discussed results for A(T) and Sf(T) are reflected also in remarkable differences in the temperature dependence of n(T) and k(T) for the two different wavelengths. At the wavelength of 752 nm both the refractive index and the extinction coefficient increase linearly with temperature, in good agreement with our previous result. It turns out that the linear dependence of n(T) and k(T) on the temperature is still valid in the higher temperature range that we studied in the present research. At the He-Ne laser wavelength of 632.8 nm, however, we observe a totally different temperature dependence of the optical constants for a-Si. The refractive index decreases with temperature linearly, but the extinction coefficient increases, with an increasing rate of approximately two times higher than that at 752 nm. The obtained data can be fitted by the following linear equations: with temperature and photon energy as long as the photon energy is below the direct band gap (3.4 eV). 2 1 Even though the rate of change of k with temperature for a-Si at 632.8 nm is two times higher than that at 752 nm, the variation of Rk and S with temperature for 632.8 nm is less than that for 752 nm owing to the decrease of n.
In conclusion, we have observed a linear dependence of n(T) and k(T) with temperature from 20 to 475'C for 752 nm. In addition, we experimentally verify that the optical constants for a-Si have a strong linear dependence on temperature also at 632.8 nm. We have observed that the temperature and wavelength dependence of k are consistent with the trend in the case of c-Si, whereas the result for n differs significantly from that for c-Si. We are aware of the fact that the properties of a-Si may depend significantly on the fabrication process; however, if the a-Si sample is prepared under the same conditions, then the optical constants obtained here are reproducible, as we have verified.
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